This study aimed to explore the diversity of river water Acinetobacter populations using culture-dependent and -independent methods. Pyrosequencing indicated that 1.5% of the total sequences from Qiandeng River water were classified as Acinetobacter. Twelve Acinetobacter strains were isolated from three different sampling sites of the Qiandeng River. Based on culture-dependent methods, A. johnsonii, A. lwoffii and A. guillouiae were the most abundantly represented Acinetobacter strains among the upper, middle and downstream populations of the river. Probing of three Acinetobacter-enriched 16S rRNA gene libraries with the Acinetobacter specific probe Act660F revealed 42 unique 16S rRNA gene sequences exhibiting a similarity of 94.9 99.9% with the known Acinetobacter strains. Among the uncultured Acinetobacter sequences, 50%, 58.3% and 68.8% of those obtained from upstream sampling site A, middle stream sampling site B and downstream sampling site C were phylogenetically located within Group I. This Group represented the most abundant strains of Acinetobacter populations in river water based on culture-independent methods. The results indicated that culture-independent methods provide more detailed information on the diversity of Acinetobacter populations than that based on culture-dependent methods. Therefore, the development of new and efficient isolation methods to identify uncultured Acinetobacter species is required.
Introduction
Members of the genus Acinetobacter have gained increasing attention in recent years due to their being a key source of infection in debilitated patients in hospital with the rapid development of resistance to a wide range of antimicrobials (Pantophlet et al., 2002) . Among 35 identified Acinetobacter species, A. baumannii is the main species associated with clinical infections followed by the non-A. baumannii species: A. haemolyticus, A. junii, A. johnsonii and A. lwofii (Guardabassi et al., 1999) . Recently, the emergence of other species of clinical importance such as A. ursingii and A. schindleri has been reported (Robinson et al., 2010) . On the other hand, Acinetobacter strains are often ubiquitous and exhibit metabolic versatility; they are free-living saprophytes found ubiquitously in nature (Vallenet et al., 2008) . They also have great potential application in various biotechnological applications including biodegradation and bioremediation (Koma et al., 2001; Tani et al., 2001 ). In particular, many environmental isolates of Acinetobacter show pollutantdegrading capacities, which are of interest for bioremediation (Di Cello et al., 1997; Carr et al., 2003) . For example, the oil-degrading Acinetobacter sp. strain MUB1 with a high ability to degrade crude oil was isolated from oil-contaminated soil of a garage in Bangkok, Thailand (Phrommanich et al., 2007) . Gallego et al. found the prevalence of Acinetobacter spp. while studying the degradation of hydrocarbons in diesel-contaminated soils (Gallego et al., 2001) .
Acinetobacter is considered to be widely distributed in nature including in soil, water, living organisms, and vegetables, as well as humans and animals (Bouvet and Grimont, 1986; Bouvet and Joly-Guillou, 2000; Braun, 2009 ). However, different species of the genus are generally associated with different habitats. It has been reported that Acinetobacter genomic species 3, A. baumannii, A. calcoaceticus, 
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Exploring the diversity of Acinetobacter populations in river water with genus-specific primers and probes (Received October 23, 2013; Accepted November 26, 2013) Biopolymer, Jiangshu, China A. johnsonii, A. haemolyticus and A. guillouiae widely inhabit soil and aquatic environments (Peleg et al., 2007 A. baylyi, A. bouvetii, A. grimontii, A. towneri and A. tandoii are commonly found in natural environments but occasionally isolated in activated sludge (Chen et al., 2008) . Acinetobacter spp. also are considered part of the normal flora of the skin, mucous, respiratory secretions, urine, rectum and other human clinical samples (Savov et al., 2002) . Generally the species most frequently isolated from human clinical samples are A. baumannii, A. johnsonii, A. lwoffii, A. radioresistens, A. calcoaceticus, A. haemolyticus and Acinetobacter genomic species 3 and 13 (Villegas and Hartstein, 2003) . Detection of Acinetobacter spp. in environmental samples is largely dependent on plating techniques; therefore, culture-independent techniques may provide better insights into the diversity of Acinetobacter populations in environmental habitats.
Culture-independent molecular methods, such as cloning and sequencing of rRNA genes, denaturing gradient gel electrophoresis (DGGE), fluorescent in situ hybridization (FISH) and recently, high-throughput pyrosequencing analysis, are increasingly and widely used in environmental microbiology (Gabriel, 2010; Muhling et al., 2008) . Fluorescent in situ hybridization using a genus-specific rRNA-targeted oligonucleotide probe has been used for the analysis of Acinetobacter populations in activated sludge (Wagner et al., 1994) . This method provides quantitative information on the presence of Acinetobacter cells, while DGGE of PCR-amplified Acinetobacter 16S ribosomal RNA gene fragments provides more information on the diversity of Acinetobacter populations in soil samples (Vanbroekhoven et al., 2004) . Sachdev et al. also reported detection of A. calcoaceticus, A. baumannii, A. lwoffii, A. baylyi and Acinetobacter sp. in the rhizosphere of wheat by DGGE of 16S rRNA gene PCR products amplified from total soil DNA using genus-specific primers (Sachdev et al., 2010) . However there are no reports on Acinetobacter diversity based on molecular methods in aquatic environments.
Acinetobacter spp. are frequently detected in natural aquatic environments, such as rivers, lakes and tap water. These habitats constitute important sources of bacteria with the potential to infect humans (Narciso-da- Rocha et al., 2013) . Therefore, elucidation of the diversity of Acinetobacter populations in aquatic environments is a prerequisite for an improved understanding of the potential health risk or biotechnological applications of Acinetobacter. In this study, we used culture-dependent and -independent methods to explore the diversity of Acinetobacter populations in water samples from the Qiandeng River of Suzhou, Jiangsu Province, China.
Materials and ethods
Water samples collection. Water samples were collected from Qiandeng River of Suzhou, Jiangsu Province, China. Qiandeng River is a 6.5-mile-long river that originates from the Wusong River and extends into Dianshan Lake. The upstream area of Qiandeng River is located in Qiandeng, which is a residential town with a population of over 120,000. Three sampling sites were selected in Qiandeng River, designated as site A (upstream; N31 16 24.6 , E121 0 4.3 ), site B (middle stream, 3 miles from site A; N31 14 7.7 , E120 59 56.2 ) and site C (downstream, 1 mile from Dianshan Lake; N31 11 42.6 , E120 59 23.7 ). Three replicate water samples were collected from the river water surface (2 m from the riverbank) at each of the three sampling sites between August and September 2011. Water samples were collected into sterile, 1-liter amber glass jars (Haimen, Jiangsu, China). All water samples were stored on ice for transport back to the laboratory and kept at 4 C for isolation of Acinetobacter strains and at 80 C for DNA extraction. Water samples were analyzed on-site for pH, temperature and electrical conductivity (EC) using digital equipment. The levels of total phosphorus, total nitrogen, 5-day biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) were evaluated following standard methods as described by the American Public Health Association (APHA, 1998) .
Acinetobacter strain isolation from water samples. Since MSA proved to be the most selective of media, which allowed good growth of Acinetobacter strains and suppressed most of the other species except for Pseudomonas spp. (Berlau et al., 1999) , Acinetobacter strains were isolated from water samples using MSA media. Briefly, 200 µl of water sample was placed in 5 ml MSA solution and vigorously shaken at 30 C overnight before 200 µl of the suspension was plated on MSA agar (5 g NH 4 Cl, 1 g NH 4 NO 3 , 2 g Na 2 SO 4 , 3 g K 2 HPO 4 , 1 g KH 2 PO 4 , 0.1 g MgSO 4 7H 2 O, 2 g glucose, 10 g sodium acetate and 20 g agar per liter water). Agar plates were incubated at 30 C for 48 h. Acinetobacter spp. were identified by gram staining, cell and colony morphology, activity in oxidation/fermentation (O/F) tests, absence of motility, negative oxidase and positive catalase reactions and hydrolysis of casein and Tween 20. Finally, 22 potential Acinetobacter strains were selected from each of the three sampling sites. Strains were classified on the basis of amplification of 16S rRNA gene sequences using 27F and 1492R universal bacterial primers (Lane, 1991) and sequencing conducted by the Shanghai Meiji Sequencing Center (China).
DNA extraction and pyrosequencing. The total DNA was extracted from 5 ml of water samples using Tiangen DNA isolation kits (Tiangen, Beijing, China). For bar-coded pyrosequencing, two primers P1 (5 -ACATGTCTATTACC GCGGCTGCT-3 ) and P2 (5 -ACATGTCTCCTACGGGA GGCAGCAG-3 ) marked at the 5 end with a sample-unique DNA bar code of eight nucleotide sequences, were used to amplify the V3 regions from the total DNA. The products from different samples were mixed in equal ratios for pyrosequencing with the GS FLX platform (Roche, Branford, CT) by the Beijing Genomics Institute Sequencing Center.
Primer/probe design. Seventy-five 16S rRNA gene sequences from culturable Acinetobacter strains representing 35 identified species and other genomic species were extracted from the GenBank database. The sequences were aligned using the ClustalX program (Thompson et al.,1997) . The polymorphic regions were targeted to develop oligonucleotide primers/probes specific for the Acinetobacter genus.
The specificity of the developed primers/probes was further estimated by the Probe Match of Ribosomal Database Project II (Wang et al., 2007) . Primer Act276F was matched with 94.8% of known Acinetobacter strains and probe Act660F was matched with 94.2% of known Acinetobacter strains (Table 1) . Both Act276F and Act660F were matched with all type strains of Acinetobacter species. Primers/ probes were synthesized at the Shanghai Invitrogen Biotechnology Center (Invitrogen, Shanghai, China).
Construction of Acinetobacter-enriched 16S rRNA gene libraries. Acinetobacter-enriched 16S rRNA gene libraries were constructed using Touchdown PCR with the Acinetobacter-specific primer Act276F and the universal bacteria primer 1492R. The PCR reaction procedure was performed as described by Wu et al. (2005) . The amplified 16S rRNA gene segments were purified with Tiangen Gel Extraction Kits (Tiangen, Shanghai, China) and ligated with the pGEM-T Easy vector (Promega, Madison, WI) following the protocols recommended by the manufacturers. The resulting constructs were electroporated into E. coli JM109 using a standard method (Sambrook and Russell, 2001) .
In situ colony hybridization and sequencing. The oligonucleotide probe Act660F (Table 1 ) was labeled at the 5 -end with DIG-ddUTP during the synthesis process (Shanghai Invitrogen Biotechnology Center). For the in situ colony hybridization, the colonies were blotted onto Hybond TM -N + membranes (Amersham, Pittsburg, PA) using a standard method (Sambrook and Russell, 2001 ). The 16S rRNA gene fragments of the 12 isolated strains were used as positive controls; the 16S rRNA gene fragments of E. coli JM109 and Pseudomonas aeruginosa ATCC 9027 were used as negative controls. The membranes were pre-hybridized in Hyb hybridization buffer (Innogent, Shenzhen, China) at 65 C for 1 h. Hybridization was carried out overnight at 65 C in Hyb hybridization buffer containing 10 pM labeled probes. After hybridization, a DIG Detection Kit (Innogent) was used to detect the hybridization signals following the manufacturer s instructions.
Statistical and bioinformatics analysis. The usable V3 unique sequences from pyrosequencing were extracted. Operational taxonomic units (OTU) were classified with Distance-Based OTU (Schloss and Handelsman, 2005) . A single sequence selected at random from each OTU was BLAST searched against the Ribosomal Database Project II (Wang et al., 2007) to identify the taxonomic group.
For sequences analysis from 16S rRNA gene libraries, the 16S rRNA gene sequences of Acinetobacter strains were extracted from the GenBank database. After a complete alignment in the ClustalX program (version 1.83) (Thompson et al., 1997) , the same parts of the 16S rRNA gene sequences were selected for phylogenetic analyses using default parameters in the MEGA software package version 5.1 (Kumar et al., 2004) . Phylogenetic analysis was carried out by applying the neighbor-joining and maximum-likelihood algorithms to ensure coherency of the clusters formed. The bootstrapping supports for the trees were calculated from a sample of 1,000 replicates.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the GenBank database under accession numbers JQ815203 JQ815206, KF590555 KF590562, SRA050232.1 and JQ754322 JQ754363. Table 2 compares the mean values of physicochemical water parameters for the three sampling sites on Qiandeng River between August and September 2011. The Qiandeng River water temperature and pH values showed no significant spatial variation among the three different sampling sites (Table 2) . Conductivity values ranged from 634 µS/cm (recorded at middle stream site B) to 876 µS/cm (at downstream site C). As shown in Table 2 , the COD, BOD 5 , total phosphorus and total nitrogen values at the upstream site A were slightly higher than those at the middle and downstream sites. (Brosius et al., 1978) . b The target coverage of the primer/probe estimated by Probe Match of Ribosomal Database Project II (Wang et al., 2007) . Bacterial community composition of river water samples The bacterial community of the Qiandeng River water was characterized based on the sequences of 16S rRNA gene V3 region fragments amplified from the total DNAs of the pooled samples from the three different sampling sites. The unique sequences were classified into 1,440 different bacterial OTUs based on 3% dissimilarity. All unique sequences were classified into eight bacterial phyla as shown in Fig. 1A . Among the total sequences, 48.7% were classified as Betaproteobacter, representing the dominant phylum in the river water, while the second most abundant phylum was Bacteroidetes, comprising 13.2% of the total sequences.
Results

Physicochemical characteristics of river water samples
Pelagibacter was the dominant genus in the bacterial community of the river water, accounting for 5.7% of the total bacteria sequences (Fig. 1B) . Pelagibacter is frequently found worldwide in both salt and fresh water. These data suggested that bacteria of this genus accounts for approximately half of the cells present in temperate ocean surface water in the summer and play a major role in the Earth s carbon cycle (Morris et al., 2002) . Interestingly, Acinetobacter was also abundant in Qiandeng River water, accounting for 1.5% of the total sequences (Fig. 1B) . Because of their ubiquitous nature and clinical importance, an evaluation of Acinetobacter populations is important to understand their importance in river water.
Acinetobacter strains isolated from river water samples
Twenty-two potential Acinetobacter strains were selected at random from MSA agar cultures of water samples from each sampling site for 16S rRNA gene amplification and sequencing. After using BLAST to search the nearest neighbor, compared with their morphological characteristics, 12 unique strains from the three different sampling sites were classified into the Acinetobacter genus based on 3% dissimilarity of 16S rRNA gene sequences. As shown in Table 3 , four different Acinetobacter strains were found at all three sampling sites.
In the upstream sampling site A, strain A1 was affiliated with Acinetobacter sp. strain SFA10, with a similarity of 99.6%. Furthermore, 18.2% of those strains (4/22) have same 16S rRNA sequences. It is noteworthy that strain SFA10 was isolated from Songhua River water (China). Strain A4 was affiliated with A. johnsonii strain a153, with a similarity of 99.8%, accounting for 68.2% of the total strains (15/22). The other two strains, A8 and A16, accounted for only 9.1% (2/22) and 4.5% (1/22) of the total strains.
In the middle stream sampling site B, strains B1 (16/22) and B7 (3/22), which were classified as the same species, were affiliated with A. lwoffii strain JUN-5, with a similarity of 98.6% and 99.3%, respectively. Strain B10 (2/22) was affiliated with Acinetobacter sp. M1T8B5 (found in bovine dung), with sequence similarity of 98.9%. Strain B23 (1/22) was affiliated with A. johnsonii strain DE1, with a sequence Only bacterial genera with a proportion higher than 1% are shown at genus levels, Those bacterial genera with a proportion less than 1% are incorporated into the other bacteria group. similarity of 99.2%. In the downstream sampling site C, strains C1 (12/22) and C6 (8/22), which were classified as the same species, were affiliated with A. guillouiae strain FFL26, with a similarity of 99.5% and 99.1%, respectively. The other two strains, C8 and C16, accounted for only 4.5% of the total strains (1/22).
Phylogenetic diversity of Acinetobacter populations in river water
For more detailed phylogenetic analysis of Acinetobacter populations in river water, three Acinetobacter-enriched 16S rRNA gene libraries originating from the three different sampling sites were hybridized with Acinetobacter-specific probe Act660F. All isolated strains showed strong positive signals, while no signals were detected for the negative control E. coli JM109 or Pseudomonas aeruginosa ATCC 9027 (data not shown). Approximately 5% of clones showed positive signals in the screening of 288 clones from each library. Furthermore, 16 positive clones from each library were selected for sequencing. Of the 48 16S rRNA gene sequences, only six didn t belong to the major Acinetobacter phylogenetic clade. The other 42 unique 16S rRNA gene sequences exhibited similarities of 95.9 99.9% with the known Acinetobacter strains.
All 42 Acinetobacter 16S rRNA gene sequences were divided into different Acinetobacter phylogenetic groups based on phylogenetic analysis of the 16S rRNA gene sequences (Fig. 2) . Group I included 24 uncultured Acinetobacter sequences obtained from three different clone libraries and represented the most abundant Acinetobacter popula- tions in Qiandeng River water. Among the uncultured Acinetobacter sequences obtained from the three sampling sites (A, B and C), 50% (7/14), 58.3% (7/12) and 68.8 (11/16), respectively, were phylogenetically classified as Group I. In this group, all 24 uncultured Acinetobacter sequences were highly affiliated with Acinetobacter sp. TS39, which is found in arsenic-contaminated soil, with sequence similarities ranging from 98.7 to 99.9%. The remaining 17 sequences that originated from the three different sampling sites were widely distributed among the different phylogenetic groups. Among these sequences, only a few sequences had high similarity with known Acinetobacter strains; for example, clone sequence W1109-349 from upstream sampling site A and clone sequence W1109-760 from downstream sampling site C were highly affiliated with Acinetobacter johnsonii strain a153, each with a similarity of 99.6%. Clone sequence W1109-125 from upstream sampling site A, clone sequence W1109-566 from middle stream sampling site B and clone sequence W1109-604 from downstream sampling site C were highly affiliated with Acinetobacter johnsonii strain ATCC 17909T, with similarities of 99.6%, 99.2% and 99.7%, respectively. These results suggested the identification of further similar diversity among the three different river water sampling sites based on culture-independent methods.
Discussion
Many Acinetobacter strains are widespread and abundant in soil and active sludge because of their capacity for phosphate removal and degradation of petrochemicals and organic pollutants (Kim et al., 1997; Thangaraj et al., 2008) . Although many different Acinetobacter species have been detected during analysis of bacterial communities in different freshwater environments over the last few years (BiderrePetit et al., 2011; Sekar et al., 2012) , to our knowledge, the diversity of Acinetobacter populations of natural freshwater environments has not yet been reported. Therefore, this study investigated the composition and diversity of Acinetobacter populations present in Qiandeng River water based on culture-dependent and -independent methods.
The Qiandeng River is a typical freshwater river that has low total chemical oxygen demand, biological oxygen demand, total phosphorus and total nitrogen; however the physicochemical parameters of the upstream sampling site of the river are slightly higher than those of middle and downstream sites due to the high levels of human activity around the upstream site. Our pyrosequencing results demonstrated that Betaproteobacteria represented the dominant phylum in the river water, while the second most abundant phylum was Bacteroidetes. These results are consistent with those obtained in examinations of other sources of natural river water (Liu et al., 2012) . Interestingly, 1.5% of the total sequences from Qiandeng River water can be classified as Acinetobacter based on pyrosequencing methods. This result supports observations based on traditional plating methods that Acinetobacter species are widespread in river water (Bouvet and Grimont, 1986; Bouvet and Joly-Guillou, 2000; Braun, 2009) .
On the basis of Acinetobacter-specific agar plating technology, the majority of Acinetobacter populations of the upstream river water were shown to be affiliated with A. johnsonii strain a153 and Acinetobacter sp. strain SFA10. This is consistent with other reports based on plating technology that A. johnsonii exists widely in water (Peleg et al., 2007) . It is worth noting that strain SFA10 was isolated from Songhua River water (China); thus, it may be speculated that this strain represents an Acinetobacter species that is widely distributed in water throughout China. Most of the strains isolated from the middle stream site B were related to A. lwoffii, which has been detected in water treatment plants and in tap water (Narciso-da- Rocha et al., 2013) . Most of the strains isolated from the downstream site C were related to A. guillouiae. No identical strains were detected from the three river water sampling sites. The occurrence of different species in different sites of the river suggests the dynamics and variations in composition of Acinetobacter populations throughout river environments.
Most of the strains isolated in this study have high similarity with known Acinetobacter strains based on 16S rRNA gene sequences. Isolates predominantly related to the species A. johnsonii, A. bouvetii and A. haemolyticus were detected in the upstream site A, while A. lwoffii and A. johnsonii were detected in the middle stream site B, and A. guillouiae and A. bouvetii were detected in the downstream site C. Of the species detected in the river, A. johnsonii, A. haemolyticus and A. lwoffii are those more commonly associated with opportunistic infections (Barbe et al., 2004; Guardabassi et al., 1999) , which may deserve attention in some circumstances.
As expected, Acinetobacter populations in fresh river water revealed by these culture-independent methods are markedly different to those revealed by culture-dependent methods. A. johnsonii, A. lwoffii and A. guillouiae represent the most abundant component of Acinetobacter populations of the upstream, middle stream and downstream sites of the river, respectively, based on culture-dependent methods. These members have been detected previously in many aquatic environments (Narciso-da-Rocha et al., 2013; Peleg et al., 2007) . However, a greater degree of similar diversity among the three different sites was identified based on culture-independent methods. Phylogenetic analysis of the Acinetobacter sequences identified from the three sampling sites (A, B and C) by culture-independent methods revealed that strains represented by Group 1 (n = 25) are the most abundant among Acinetobacter populations in river water regardless of the sampling site selected. Furthermore, these sequences were highly affiliated with Acinetobacter sp. TS39, which is found in highly arsenic-contaminated soil (Cai et al., 2009 ). However, none of the 12 Acinetobacter strains isolated from three different sampling sites of the river using plating methods were classified under this group. These results suggest that culture-independent methods for exploring the diversity of Acinetobacter provide more comprehensive information about Acinetobacter populations than those based on culture-dependent methods.
The scarcity of published Acinetobacter population data makes comparisons with those presented here very difficult. A small number of reports describing the use of molecular methods to analyze Acinetobacter populations (Sachdev et al., 2010; Vanbroekhoven et al., 2004; Wagner et al., 1994) provide a markedly different view of the Acinetobacter populations compared to those based on culture-dependent methods. These findings indicate a need to further explore Acinetobacter species in river water and their potential role and function in these environments. Although the methods described here provide a sound basis that will facilitate such work, our analysis of Acinetobacter populations in fresh water is limited by sampling only three different sites of one river. Therefore, the results of this study require confirmation by analysis of greater numbers of samples obtained from different river sites. Such investigations will form the basis of new and efficient isolation methods for the identification Acinetobacter species without the requirement for culturing prior to analysis.
